Glutathione S-transferases (GSTs) (EC 2.5.1.18) are multifunctional proteins involved in such diverse intracellular events as primary and secondary metabolism, signaling and stress metabolism. In this study, we found a senescence-induced tau-class GST (SIGST) in senescent leaves of barley (Hordeum vulgare L.). The SIGST was purified 19-fold to homogeneity from initial crude extracts by three steps of chromatography with a yield of 5%. The purified SIGST had a GSH-conjugating activity and peroxidase (POD) activity at the same level of 1.7 µmol min -1 mg protein -1 , although restricted substrate selectivity could be seen in POD activity. Barley SIGST is a slightly acidic protein with a molecular weight of 49 k and is composed of two subunits. The enzyme exhibited a single pH optimum at pH 8.3. The K m values were 0.285 mM for GSH and 0.293 mM for 1-chloro-2,4-dinitrobenzene. In most respects, the barley enzyme resembles those that have been reported from other higher plants. The SIGST gene was cloned from cDNA of senescent barley leaves. DNA sequence analysis shows that the cloned SIGST had only one base different from the barley embryo GST, ECGST. The obtained sequence indicates that SIGST is classified into the plant-specific tau class. mRNA expression analysis showed that in addition to senescence, SIGST was strongly induced by treatment with a herbicide and low temperature. The responses to these stresses suggest that SIGST may be involved at least partly in the secondary metabolism as an antioxidant and enhancement of enzymatic activity during senescence.
Introduction
Senescence is a widespread phenomenon in plant species. This physiological response is found in a variety of organs, such as leaves, stems, roots and flowers. The onset of this response is recognized as the terminal step of development leading to subsequent cell death. The physiological role of senescence is the remobilization of valuable nutrients, especially nitrogen and phosphorus, from the aged organs. The progression of senescence is affected by environmental and endogenous stresses. Oxidative metabolism is heavily involved in the response to environmental stress and is also a central feature of senescence at the cellular level. Activated oxygen species (AOS), such as superoxide radicals (O 2 ·-), hydroxyl radicals ( · OH), singlet oxygen ( 1 O 2 ) and hydrogen peroxide (H 2 O 2 ), that contribute to lipid peroxidation and membrane damage, are generally enhanced during senescence (Pastori and del Rio 1997) . To eliminate AOS, almost all organisms, including plants, are equipped with antioxidative systems. The enzymes responsible for the antioxidative systems are considered to delay the progression of senescence because they protect the cell from AOS damage. There are many reports that the genes of antioxidative enzymes are up-regulated by the progression of senescence (Srivalli and Khanna-Chopra 2001, Gepstein et al. 2003) . This fact suggests that senescence involves dynamic intracellular changes and that these gene products will play important roles in the progression or repression of senescence.
Glutathione S-transferase (GST) (EC 2.5.1.18) is one of the enzymes induced by a number of intracellular and environmental factors including senescence (Itzhaki et al. 1994 , Gepstein et al. 2003 . GSTs are mostly cytosolic and comprise approximately 2% of the soluble protein in wheat seedlings (Pascal and Scalla 1999) . Active isoforms of GSTs are composed of either homo-or heterodimer GST subunits that are known to catalyze the conjugation of electrophilic xenobiotics of endogeneous organic compounds with reduced GSH tripeptide (Wilce and Parker 1994 , Marrs 1996 , Hayes and Mclellan 1999 . These S-glutathionylated metabolites are rendered more polar, and normally targeted for ATP-dependent transport into the vacuole where they are degraded (Marrs 1996) , by ATPbinding cassette transporters, which selectively transport GSH conjugates (Rea 1999) or, alternatively, targeted for export from the cell (Wilce and Parker 1994) . Some isoforms of GST are reported to show dual activity and can also function as a glutathione peroxidase (EC 1.11.1.9) with H 2 O 2 or organic and lipid hydroperoxides (Bartling et al. 1993 , Edwards 1996 , Marrs 1996 , Cummins et al. 1999 , Edwards et al. 2000 , Vontas et al. 2002 , providing further evidence for their role in antioxidant metabolism. Additionally, GSTs form large enzyme superfamilies subdivided into distinct classes based on several criteria (Marrs 1996 , Sheehan et al. 2001 . Plant GSTs are divided into five classes: phi, tau, theta, zeta and lambda . Phi and tau GSTs are plant specific, whereas zeta and theta GSTs are found in both animals and plants . Furthermore, phi and tau GSTs are known to be induced by treatments that invoke plant defense reactions, as well as by osmotic stress and extreme temperatures (Marrs 1996) . This fact strongly suggests that GSTs are deeply involved in the metabolism during senescence. However, although many reports have accumulated on other stressinduced GSTs, little information is available on GST in response to senescence.
In the present study, we found that a tau-class GST was induced by senescence in barley leaves. The senescenceinduced GST (SIGST) was purified to homogeneity by three steps of chromatography and characterized, and its gene was cloned. Our results show that the SIGST is classified into the plant-specific tau class and is strongly responsive to a herbicide and low temperature, indicating that it has the same enzymatic properties as other plant GSTs.
Results

De novo synthesis of glutathione S-transferase by leaf senescence
The GSH-conjugating activity of barley leaves was measured in green (non-senescent control) and senescent leaves with 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate. The activity, expressed as U g -1 of FW, increased with increasing senescence and was about 3.5 times higher at 8 d of senescence than in non-senescent green leaves ( Fig. 1 ). However, it is not clear whether constitutively expressed GSTs themselves are activated or specific GST(s) are newly induced by senescence treatment because GST has several isozymes in a cell. To demonstrate whether GST was activated or induced by senescence treatment, GST isozymes were separated by hydrophobic chromatography. First, the crude extracts from green and senescent barley leaves were fractionated separately with ammonium sulfate between 30 and 60% saturation. Most barley GSTs were recovered in this fraction and then separated by butyl-Toyopearl 650M chromatography (Fig. 2) . GST enzyme activities were separated into several peaks by the butyl-Toyopearl chromatography. Comparison of green and senescent leaves showed that most isoforms were enhanced in senescent leaves, and, in particular, a novel active fraction was eluted Fig. 1 Changes in GSH-conjugating activity and chlorophyll concentration in barley leaves during senescence. The crude extract was obtained from 0.5 g FW of barley leaves by homogenizing them in 10 vols of 50 mM Tris-HCl buffer (pH 7.5) and assaying GSH-conjugating activity (filled circles) according to the method described in the text. The chlorophyll concentration (open squares) was determined spectrophotometrically as described in the text. Bars represent standard error (n = 3).
Fig. 2
Comparison of the elution profiles after butyl-Toyopearl 650M chromatography of the extracts obtained from green and senescent barley leaves. The crude extract was obtained from 50 g FW of the respective barley leaves. The butyl-Toyopearl 650M column was equilibrated with 20 mM Tris-HCl (pH 7.5) containing ammonium sulfate at 20% saturation; elution was carried out with the same buffer containing a linear gradient of 20-0% saturation of ammonium sulfate and the elutes collected in 3.0 ml fractions. Fractions were assayed for GSH-conjugating activity (filled circles) as described in Materials and Methods. The solid line shows proteins measured at 280 nm. The dotted line shows the gradient of the ammonium sulfate concentration in percent saturation. The shaded peak, SIGST, was purified further. around 180 ml, as shown by the shaded peak. The result shows that GSH-conjugating activity was increased by de novo synthesis of GST, as confirmed by the increase in the mRNA expression level with senescence (see Fig. 5A ).
Enzyme purification
In this study, we purified the novel, highest peak of GSHconjugating activity that emerged specifically after senescence treatment, as shown by the shaded peak. The SIGST was purified 19-fold, with a recovery of 5% from the initial crude extracts by successive chromatography using butyl, DEAE and Superdex 200 gel filtration. A summary of the purification is presented in Table 1 . As seen in Table 1 , the final purification of this enzyme was relatively low. This is probably due to the following two reasons: one is that GST is an abundant protein in cells and known to account for up to 2% of the total protein in the foliage , and the other is that this enzyme is induced under conditions in which many proteins are degraded, i.e., during senescence. The purified preparation showed a single clear band on Coomassie brilliant blue R-250-stained SDS-PAGE ( Fig. 3) , indicating that the purified sample is homogeneous.
Identification of senescence-induced glutathione S-transferase
To determine the amino acid sequence of the SIGST, we obtained several internal peptide fragments by trypsin digestion, as described in Materials and Methods. The amino acid sequences of each peptide fragment were determined to be (K/ R)SNPVHK for GST-TP1 (TP for Tpck-trypsin) and (K/ R)IAAWAK for GST-TP3 ( Fig. 4A) . A search using the NCBI BLASTP 2.2.1 program (Altschul et al. 1997 ) indicated that the purified enzyme had a significant homology to barley embyogenic GST, ECGST (AAF23357, Vrinten et al. 1999 ) with complete correspondence (100% identity for each peptide fragment). It was, therefore, suggested that SIGST might be a gene similar to ECGST (AF109194, Vrinten et al. 1999 ) judging from their identified sequences. In this article, however, we conventionally named these enzymes according to the difference in expression stage, for instance, embryogenesis and senescence. Additionally, the sequence from GST-TP1 had significant homology to other plant GSTs such as Oryza , and GST-TP3 also had homology to Triticum (CAC94002). These identified sequences did not correspond to mammalian or bacterial GSTs, indicating that SIGST is specific to plants.
To determine the nucleotide sequence of SIGST, a specific PCR primer was deduced from the sequences to give a cDNA clone of 669 bp in length (see Materials and Methods), taking into account the nucleotide sequences of comparable GSTs from barley, ECGST and wheat, TaGSTU1A/B/C (NCBI accession Nos. AJ414697/AJ414698/AJ414699). Although we used a primer similar to ECGST, the sequence obtained was different. The cloned sequence is, therefore, concluded to be the nucleotide sequence of SIGST. As shown in Fig. 4B , the amino acid sequence deduced from the nucleotide sequence showed that the amino acid sequences of the two internal peptides fragment obtained from the purified enzyme were conserved. Further, the difference between the amino acid sequences of the purified enzyme and ECGST was only one amino acid, Val134 to Ile (Fig. 4C ). Because this type of GST is present in wheat, rice, maize, tomato (NCBI accession No. AAL92873) and Arabidopsis, the sequence of this type of GST may be widely conserved in higher plants. Our purified enzyme can be classified as a tau-class GST based on the unrooted phylogenetic tree constructed from the nucleotide sequences identified from other plant GSTs. A GST classified into the tau class is known to be plant specific and strongly induced when plants are exposed to plant hormones such as auxin and cytokinin (Marrs 1996 , Gonneau et al. 1998 ).
Molecular and enzymatic properties of SIGST Some properties of SIGST are summarized in Table 2 , together with those of other GSTs from various higher plants.
The purified SIGST migrated as a single band with the respective molecular mass of 26.7 kDa on SDS-PAGE. The molecular weight of SIGST determined by gel filtration using Superdex 200 was 49 k. The molecular weight that was calculated from the deduced amino acid sequence of SIGST is 25,026. Based on these data, the purified SIGST is a dimer composed of two 26.7 kDa subunits, and this is consistent with most plant and animal GSTs that exist as homo-or heterodimers (Mannervik and Danielson 1988, Clark 1989) .
The effect of pH on GSH-conjugating activity was evaluated using GSH and CDNB as substrates and 100 mM MES-HEPES-Tricine buffer for an incubation medium in the pH range from 5.5 to 9.0. The maximum activity of SIGST was observed at pH 8.3, suggesting that SIGST is located in the cytosol, as opposed to acidic organelles such as the vacuole and lysosome. This is confirmed further by the results of the SOSUI system that SIGST is a soluble protein (http://sosui.proteome.bio.tuat.ac.jp/cgi-bin/sosui.cgi?/sosui_submit.html).
GSH-conjugating activity was assayed by GSH conjugation of CDNB. The K m values of SIGST determined from a Lineweaver-Burk plot for SIGST were 0.285 mM for GSH at a 1.0 mM concentration of CDNB, and 0.293 mM for CDNB at a 1.0 mM concentration of GSH at pH 8.25. In comparison with K m values reported for other plant GSTs, this K m value for GSH is within the range of values found for plant GSTs (Bartling et al. 1993 , Irzyk and Fuerst 1993 , Flury et al. 1995 , Gronwald and Plaisance 1998 , Pascal and Scalla 1999 , Zachariah et al. 2000 , and the K m value for CDNB shows higher affinity (Bartling et al. 1993 , Flury et al. 1995 , Gronwald and Plaisance 1998 , Pascal and Scalla 1999 . In addition to these properties, SIGST had an isoelectric point of 6.35 from the deduced amino acid sequence. This pI of 6.35 is also within the range of pIs observed for GSTs from other organisms (Singh et al. 1985 , Di Illio et al. 1988 , Blanchette and Singh 1999 .
SIGST had peroxidase (POD) (EC 1.11.1.7) activity as shown in Table 3 . GSH conjugate production towards CDNB by SIGST was 1.66 µmol min -1 mg protein -1 as GSH-conjugating activity, whereas decomposition of H 2 O 2 was 1.74 µmol min -1 mg protein -1 as POD activity. These results suggest that SIGST not only has GSH-conjugating activity, but also has POD activity at the same level as GSH-conjugating activity.
Expression of SIGST due to senescence, chemicals and stress treatments
To characterize the expression of SIGST in response to senescence, the changes of mRNA expression of this gene were examined in barley leaves treated with complete darkness using a cDNA for SIGST as a probe (Fig. 5A) . SIGST RNA was not detected in non-senescent control leaves. However, the level of SIGST RNA increased with length of senescence treatment. This finding coincides with the result that GSH-conjugating activity was increased by senescence treatment (Fig. 1) .
The effects of a number of other chemical treatments and environmental conditions were also examined. As shown in Fig. 5B , SIGST RNA was also induced by exposure to several treatments in addition to senescence. Paraquat and low temperature treatment strongly induced the SIGST RNA. In addition, heavy metals (Cu 2+ , Cd 2+ and Zn 2+ ), salt and high temperature treatment also induced it. On the other hand, treatment with drought and exposure to plant hormones [IAA, 2,4-D, gibberellic acid (GA 3 ) and jasmonic acid (JA)], reducing agents [ascorbic acid, dithiothreitol (DTT) and GSH] and H 2 O 2 had little or no effect. To obtain the induction levels of SIGST RNA more precisely in response to these stresses, treatment times should be changed depending on the stresses.
Discussion
In the present study, we purified SIGST from barley leaves to homogeneity and cloned its gene. As summarized in Table 2 , in most respects, SIGST resembles those GSTs that have been reported from other higher plants (Bartling et al. 1993 , Irzyk and Fuerst 1993 , Lopez et al. 1994 , Flury et al. 1995 , Gronwald and Plaisance 1998 , Pascal and Scalla 1999 , Zachariah et al. 2000 , all of which are acidic to neutral proteins (pI 4.9-6.9) having relatively low molecular weights (<60,000), composed of two homo-or heterodimer subunits, a slightly alkaline pH optimum (pH 7.5-8.3) and a fairly wide range of K m values (0.08-1.18 mM) for GSH. 0.0472 ± 0.0450 0.00507 ± 0.00633
Several plant GSTs are known to exhibit POD activity (Bartling et al. 1993 , Cummins et al. 1999 , Roxas et al. 2000 . Consequently, we investigated whether SIGST also has POD activity. SIGST had a GSH-conjugating activity and POD activity at the same level of 1.7 µmol min -1 mg protein -1 . Horseradish peroxidase (HRP) had activity for decomposition of H 2 O 2 at 160 µmol min -1 mg protein -1 (Table 3) . Compared with HRP, the POD activity of barley GST was very weak, suggesting that GST is not a very effective antioxidant on a protein basis. In addition to hydrogen peroxide, we tested two organic hydroperoxides, cumene and t-butyl hydroperoxides, as the substrates. Similar activities to hydrogen peroxide were obtained for these substrates (data not shown), although it had been indicated previously that the substrate selectivity of the tau-class GSTs was more restricted (Wagner et al. 2002) .
DNA sequence analysis shows that the cloned SIGST had only one reproducibly different base compared with ECGST (Fig. 4B ). TaGSTU1A/B/C, which conserves high homology with SIGST and ECGST, had about 10 different bases, emphasizing the independence of the genes. For example, TaGSTU1A and TaGSTU1B had 97% identity to each other, indicating a mismatch of 20 bases. Additionally, the possibility of RNA editing is very low, because the base that is different between ECGST and SIGST was 'G' at the first base in the codon, and RNA editing occurs at bases U-to-C or C-to-U at the first and second bases in the codon (Kugita et al. 2003) . Considering these facts, SIGST will be identical to ECGST rather than an independent gene expressed by a different signal transduction pathway. SIGST was actually induced by senescence, as demonstrated in this study, whereas ECGST was identified as the gene expressed in the early stages of microspore embryogenesis (Vrinten et al. 1999 ). Whether the same GST gene is expressed separately in both embryogenesis and senescence and clarifying the enzymatic and physiological functions of GST will be investigated.
The SIGST gene is classified into the tau class of GST superfamilies, which is involved in stress responses. Both tau and phi GSTs are known to be induced by infection or by treatments that invoke plant defense reactions, as well as by osmotic stress and extreme temperatures (Marrs 1996) , although GSTs classified in the same class show different patterns of expression (Anderson and Davis 2004) . This means that each GST expresses its own pattern of functions in vivo without regard to those of its GST superfamily. We, therefore, tried to clarify the function of SIGST in vivo by determining the expression pattern after treatment with several chemical compounds and environmental stresses (Fig. 5B) . SIGST was strongly induced by paraquat and low temperature. Heavy metals also induced SIGST. These treatments are known to produce oxidative stress (Bray et al. 2000) , suggesting that the transcriptional regulation of SIGST is controlled by signal transduction due to oxidative stresses. Our results suggest that SIGST is regulated by one of the transcriptionally regulated domains, an ocs (octopine syntase) element that responds to a variety of electrophilic agents and conditions that generate oxidative stress (Marrs 1996) , because it was induced by paraquat, heavy metals and temperature treatments, which cause oxidative stress. However, H 2 O 2 treatment apparently did not induce SIGST in this study. It is considered that H 2 O 2 was diffused into the air during treatment for 24 h. Alternatively, since the response to oxidative stress occurred rapidly, the length of stress treatment may have been too long to analyze. In fact, AtGSTF5 was strongly induced by H 2 O 2 within 45 min (Chen et al. 1996) . Therefore, reinvestigation of H 2 O 2 stress treatment may be necessary. Chemicals were fed from excised stem. Leaves were also exposed to drought, low temperature (4°C) and high temperature (40°C) for 24 h. SIGST is indicated by an arrowhead. Equal RNA loading was confirmed by ethidium bromide staining of rRNA present as shown at the bottom.
Several GSTs are known to be induced by plant hormones and to bind them. It is, therefore, suggested that plant hormones are regulated by GSTs or that GSH-conjugating activity is regulated by plant hormones (Marrs 1996 , Gonneau et al. 1998 ). The expression of SIGST was not induced significantly by plant hormones such as GA 3 and JA, and only weak expression was induced by IAA and 2,4-D (Fig. 5B) . Thus, SIGST may not be involved primarily in regulation of these plant hormones, although further study is necessary, particularly for ethylene that is involved in senescence.
Northern blotting analysis showed that chemical treatments and environmental conditions generated several bands with mRNA of SIGST, although only a specific band of SIGST was observed at senescence treatment (Fig. 5) . Wagner et al. (2002) showed that Arabidopsis tau-class GSTs had 28 genes, and wheat tau-class GST, TaGSTU1, had three genes with conserved high homology to each other (NCBI accession Nos. AJ414697/AJ414698/AJ414699). The non-specific bands are, therefore, considered to be some of the barley tau-class GSTs other than SIGST, and it seems that those GSTs have unique expression patterns induced by chemicals or the environment.
Some plant GSTs can function as binding proteins, or ligandins (Edwards et al. 2000) . For example, Mueller et al. (2000) provided evidence that An9 and BZ2, GSTs required for vacuolar localization of anthocyanins in petunia and maize, respectively, function as carrier proteins that escort anthocyanins through the cytoplasm. GST has also been reported to bind to hemin and chlorophyllin, the latter being an artificial substrate prepared from chlorophyll (Zachariah et al. 2000, Lederer and Böger 2003) , suggesting that GST binds to not only anthocyanins and flavonoids, but also porphyrin derivatives and chlorophyll catabolites. Our experiments revealed that SIGST bound to chlorophyllin and the non-fluorescent chlorophyll catabolite called NCC, although the data fluctuated from sample to sample. Thus, SIGST may be involved as a carrier protein in secondary metabolism, which is one of the known functions of GST.
In conclusion, SIGST was purified to homogeneity. The cloned cDNA sequence and enzymatic properties support the hypothesis that SIGST is a plant GST belonging to the tau class. This enzyme is expressed during senescence and in response to a variety of stress conditions such as paraquat exposure and low temperature. Our data indicate the possibility that SIGST may be expressed in response to oxidative stress and at least partly function to eliminate the oxidative stress by detoxification of endo-and xenobiotics.
Materials and Methods
Plant materials and induction of senescence
Barley (Hordeum vulgare L. cv. Shunrai) seeds were imbibed for 3 h and sterilized for 30 min with 5% (v/v) hypochlorous acid (Co-op, Tokyo, Japan), then planted on absorbent cotton containing distilled water. The seeds were cultivated at 23°C and constant humidity of 74% in a growth chamber (model MLR-350H, Sanyo, Osaka, Japan) under a cycle of 14 h illumination (5,000 lx) and 10 h dark. After 8 d cultivation, shoots of barley leaves were excised. To obtain senescent leaves, the excised leaves were placed in 200 ml beakers containing 50 ml of distilled water and kept at 23°C in complete darkness for a further 0-8 d depending on the experiment, as specifically indicated. Chemicals were fed from excised stem. Plant tissue was then frozen in liquid nitrogen and stored at -80°C until use.
Chemicals
Blue dextran, β-amylase, γ-globulins, bovine serum albumin (BSA) and cytochrome c were purchased from Sigma-Aldrich (St Louis, MO, USA). GSH reduced form and CDNB were obtained from Wako Pure Chemical (Osaka, Japan). All other reagents were from Wako Pure Chemical or Nacalai Tesque (Kyoto, Japan).
Enzyme assays
GSH-conjugating activity was determined spectrophotometrically as described by Gronwald and Plaisance (1998) with a slight modification. The reaction mixture contained 0.1 M potassium phosphate buffer (pH 8.25), 1.0 mM GSH, 1.0 mM CDNB, 1% (v/v) ethanol (final) and the enzyme in a total volume of 1.0 ml. The reaction was conducted at 25°C and initiated by the addition of CDNB; the change in absorbance at 340 nm was monitored for 120 s with a spectrophotometer (model UV-2450, Shimadzu, Kyoto, Japan). All initial rates were corrected for the background non-enzymatic reaction. One unit was defined as the amount of enzyme that catalyzes the formation of 1 µmol of product min -1 at 25°C. The extinction coefficient used for CDNB was 9.6 mM -1 cm -1 at 340 nm.
POD activity was determined spectrophotometrically with 4-aminoantipyrine as the substrate. The reaction mixture contained 0.1 M potassium phosphate buffer (pH 7.0), 0.85 mM hydrogen peroxide, 1.16 mM 4-aminoantipyrine, 79.33 mM phenol and enzyme in a total volume of 3.0 ml. The reaction, conducted at 25°C, was initiated by the addition of the enzyme (100 µl), and the change in absorbance at 510 nm was monitored for 4 min with a spectrophotometer. Glutathione peroxidase activity was determined as described by Anderson and Davis (2004) with the use of hydrogen peroxide, cumene hydroperoxide and t-butyl hydroperoxide as the substrates.
Extraction and purification of glutathione S-transferase
Senescent leaves (6 d) of H. vulgare were cut into pieces and homogenized with a blender in 3 vols of 50 mM Tris-HCl buffer (pH 7.5). The homogenate was filtered through six layers of gauze. The filtrate was centrifuged at 20,000×g for 30 min, and the resulting supernatant was used as the source of GST.
The crude extracts were fractionated with ammonium sulfate between 30 and 60% saturation. The precipitate was dissolved in a small volume of 20 mM Tris-HCl (pH 7.5), and ammonium sulfate added to give 20% saturation. The solution was applied to a butyl-Toyopearl 650M (Tosoh, Tokyo, Japan) column (2.5×8 cm) previously equilibrated with 20 mM Tris-HCl (pH 7.5) containing ammonium sulfate at 20% saturation and eluted with the same buffer containing a reverse-linear gradient of ammonium sulfate (20-0% saturation). Active fractions eluted at about 1-4% saturation were pooled and dialyzed against 20 mM Tris-HCl (pH 7.5). The desalted enzyme solution was applied to a DEAE-Toyopearl 650S (Tosoh) column (1.6×10 cm), which was equilibrated with 20 mM Tris-HCl (pH 7.5) using an ÄKTA prime system (Amersham Pharmacia Biotech, Tokyo, Japan). Elution was done with the same buffer containing a linear gradient of NaCl (0-0.4 M) at a flow rate of 3 ml min -1 , and 2.0 ml fractions were collected. The active fractions were pooled, concentrated by filtration through a 10 kDa cut-off membrane (Centricon YM-10, Millipore, Bedford, MA, USA) and subjected to gel filtration using a Superdex 200 column (Amersham Pharmacia Biotech) with an ÄKTA FPLC system. The column was equilibrated and eluted with 20 mM Tris-HCl (pH 7.5) containing 0.15 M NaCl at a flow rate of 0.2 ml min -1 , and 0.3 ml aliquots were collected. The active peak fractions were used as the purified SIGST for analyses.
Molecular weight determination
The molecular weight was determined by gel filtration with a Superdex 200 column using an ÄKTA FPLC system. The column was equilibrated and eluted with 20 mM Tris-HCl (pH 7.5) containing 0.15 M NaCl at a flow rate of 0.2 ml min -1 . Fractions were collected in 0.3 ml aliquots. The column was calibrated with the following molecular weight markers: blue dextran (M r 2,000 k), β-amylase (M r 200 k), γ-globulins (M r 160 k), BSA (M r 67 k) and cytochrome c (M r 13 k).
Electrophoresis
SDS-PAGE was performed by the method of Laemmli (1970) using a 15% polyacrylamide gel under reducing conditions. Heat treatment was performed at about 95°C for 5 min. Fixing and staining were done in aqueous methanol (25%, v/v) containing acetic acid (7.5%, v/ v) and Coomassie brilliant blue. Then the gel was destained with aqueous 25% methanol containing 7.5% acetic acid until the bands emerged.
Analysis of amino acid sequence
To determine the amino acid sequences of the purified enzyme, a protein band was cut out after SDS-PAGE and digested with protease. Protease treatment was performed at 37°C with modified trypsin (Promega, Madison, WI, USA) for 12 h in the reduced and alkylated gel. Peptide fragments generated by the trypsin treatment were resolved by reversed phase HPLC (model LC-10AT, Shimadzu) on a C 18 column (4.6×150 mm, TSKgel ODS-80Ts, Tosoh) using a linear 0-60% acetonitrile gradient containing 0.05% (v/v) trifluoroacetic acid at a flow rate of 0.5 ml min -1 . Fragment elution was monitored spectrophotometrically at 220 nm. Selected fragments were analyzed for amino acid sequences with a peptide sequencer, model PPSQ-21A (Shimadzu).
Cloning of SIGST
Total RNA was isolated from 4 d senescent leaves of barley by the guanidinium thiocyanate method (Chomczynski and Sacchi 1987) . For reverse transcription-PCR (RT-PCR) (Frohman et al. 1988 ), cDNA synthesis was performed using a ReverTra Ace-α-R (Toyobo, Osaka, Japan) from total RNA isolated from senescent barley leaves, according to the manufacturer's instructions. A specific sense and antisense primer was designed as follows: sense primer, 5′-ATGGCGG-GCGAGAAGGGC-3′, and antisense primer, 5′-CTACTCGATGCCG-TACCTC-3′, according to the 5′ and 3′ DNA sequences of ECGST. cDNA was amplified using TaKaRa Taq™ (TAKARA, Shiga, Japan) with primers for 30 cycles at 94°C for 30 s, 70°C for 15 s and 72°C for 1 min. The PCR products were purified using a GENECLEAN III kit (BIO 101, Vista, CA, USA) and cloned into pT7-Blue T-Vector (Novagen, Madison, WI, USA). Plasmid DNA was prepared using an alkaline lysis method (Sambrook et al. 1989 ) and sequenced (model LIC-4200L-2, Li-Cor, Lincoln, NE, USA).
Northern blotting analysis
Total RNA (20 µg) prepared from H. vulgare was electrophoresed on a 1.0% agarose/formaldehyde gel and blotted onto a nylon membrane (Hybond-N+; Amersham Pharmacia Biotech) by capillary transfer. The blot after being UV cross-linked was hybridized with a labeled SIGST full-length cDNA for 16 h at 55°C. The probe was labeled using an AlkPhos Direct Labeling and Detection System (Amersham Pharmacia Biotech). The blot was washed twice in primary washing buffer at 55°C for 10 min, and twice in secondary washing buffer at room temperature for 5 min. Primary washing buffer contained 2 M urea, 0.1% SDS, 50 mM sodium phosphate buffer (pH 7.0), 150 mM NaCl, 1 mM MgCl 2 and 0.2% (w/v) blocking reagent (Amersham Pharmacia Biotech), and secondary washing buffer contained 50 mM Tris-HCl (pH 10.0), 100 mM NaCl and 2 mM MgCl 2 . The signals were detected with CDP-Star (Amersham Pharmacia Biotech) and X-ray film (model RX-U, Fujifilm, Tokyo, Japan).
Determination of chlorophyll concentration
The chlorophyll concentration was determined in 80% (v/v) acetone using the absorption coefficients of Mackinney (1941) . The absorption measurements were carried out with a spectrophotometer (Shimadzu) at room temperature.
Determination of protein concentration
Protein was determined using a BIO RAD Protein Assay Kit (Bio-Rad, Hercules, CA, USA) based on the method of Bradford (1976) with BSA as a standard.
